This article proposes a generalization of the Oppenheimer-Snyder model which describes a bouncing compact object. The corrections responsible for the bounce are parameterized in a general way so as to remain agnostic about the specific mechanism of singularity resolution at play. It thus develops an effective theory based on a thin shell approach, inferring generic properties of such a UV complete gravitational collapse. The main result comes in the form of a strong constraint applicable to general UV models : if the dynamics of the collapsing star exhibits a bounce, it always occurs below, or at most at the energy threshold of horizon formation, so that only an instantaneous trapping horizon may be formed while a trapped region never forms. This conclusion relies solely on i) the assumption of continuity of the induced metric across the time-like surface of the star and ii) the assumption of a classical Schwarzschild geometry describing the (vacuum) exterior of the star. In particular, it is completely independent of the choice of corrections inside the star which leads to singularityresolution. The present model provides thus a general framework to discuss bouncing compact objects, for which the interior geometry is modeled either by a classical or a quantum bounce. In the later case, our no-go result regarding the formation of trapped region suggests that additional structure, such as the formation of an inner horizon, is needed to build consistent models of matter collapse describing black-to-white hole bounces. Indeed, such additional structure is needed to keep quantum gravity effects confined to the high curvature regime, in the deep interior region, providing thus a new challenge for current constructions of quantum black-to-white hole bounce models.
Introduction
Gravitational collapse is probably the physical mechanism where General Relativity (GR) manifests the most striking deviations compared to Newtonian gravity through the formation of horizons and singularities. However, a full understanding of the final stage of the collapse requires a quantum theory of gravity in order to capture the whole evolution of the initial data. How much the UV-complete picture of gravitational collapse descending from a quantum theory of gravity will deviate from the classical description is still an open question. A crucial question is at which energy scale do quantum gravity effects become relevant. Are they confined to the deep interior, as usually assumed, or can they "leak out" to affect the geometry even at large distances from the center, say, for instance at the horizon scale? While the former point of view appears as the most conservative one, the second possibility has received growing interest from various approaches to quantum gravity, see for examples [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, the lack of a well-defined consistent quantum theory of gravity prohibits one from exploring such questions directly. Instead, the common strategy has been to develop effective models to discuss some of these aspects with the hope that the conclusions would reveal to be robust enough when embedded in the full theory; see e.g. the reviews [10] [11] [12] . Following this strategy, this work presents a new effective approach, independent of the details of specific quantum gravity proposals, which allows for the description of a bouncing compact object and addresses some of the above questions.
The first model of gravitational collapse was proposed almost sixty years ago by Oppenheimer and Snyder (OS) [13] . It models an idealized star by gluing a spatially closed Friedmann-Lemaître (FL) universe, filled up with a homogeneous dust, with the (vacuum) Schwarzschild exterior geometry. The dynamical cosmological interior and the Schwarzschild static exterior are glued using the Israel-Darmois junction conditions of GR. This model admits two branches, one describing a collapsing star disappearing behind a trapping horizon and eventually forming a trapped region and a singularity, i.e. a black hole. The second branch, much less acknowledged, describes an expanding ball of dust emerging from a white hole horizon, to finally reach its maximal radius.
The idea that, at the quantum level, the black hole and white hole sectors of the OS model, classically disconnected, could eventually fuse to provide a black-to-white hole quantum transition or simply a bouncing star without horizon formation, has attracted a lot of attention, motivated by results in quantum cosmology [14] . Indeed, the quantization of cosmological backgrounds has provided explicit results in this direction, realizing concrete models where the expanding and contracting branches mix to finally describe a quantum bouncing universe. Related findings on the quantization of spherically symmetric background and self-gravitating null shells confirm such results, leading to a singularity free dynamics, see Refs. [15] [16] [17] [18] for early results on this aspect.
Among these different effective models of bouncing compact objects, the heuristic "Planck star" idea, introduced by Rovelli and Vidotto in Ref. [19] , has triggered interesting phenomenological investigations [20] [21] [22] [23] [24] [25] [26] . A more detailed effective model, dubbed black hole firework, was then constructed by Haggard and Rovelli in Ref. [27] while an alternative construction was proposed around the same time by Barcelo et al. in Refs. [28, 29] . More detailed investigations of these models were discussed in Refs. [30] [31] [32] as well as in Refs. [33] [34] [35] [36] . A major prediction of these two classes of models is 1 a timescale for the bounce which is shorter than the Hawking evaporation time. As a result, the bouncing mechanism becomes dominant over the evaporation process, and offers an elegant way out for the information loss paradox 2 , as well as other shortcomings related to the infinite evaporation time and instability of regulars black holes backgrounds discussed so far in the literature [37] . More recently, another version of this firework model was proposed, where the black-to-white hole tunneling becomes dominant only at the end of the Hawking evaporation, leading to white hole remnant [38] . The consequences of this alternative picture has been recently discussed in Refs. [39] [40] [41] . Finally, effective black-to-white hole bounces have been recently constructed within the polymer framework [42] [43] [44] [45] [46] [47] [48] . A crucial difference with, for example, the firework model is that quantum effects are assumed to be dominant only at the Planck scale, replacing the singularity by a transition spacelike hypersurface smoothly connecting a black and a white hole interior effective geometries 3 . This picture was recently challenged by another effective Schwarzschild interior model, based on quantum reduced loop quantum gravity [49] , that concluded that contrary to current polymer models, the effective dynamics does not predict the formation of an anti-trapped region after the bounce [50] .
Here, we discuss yet another effective construction to describe a bouncing compact object, keeping as close as possible to the seminal OS model. The reason for this is that the OS model can provide an ideal bridge between bouncing cosmological scenarios and bouncing black holes ones. Indeed, having modeled the interior of the star as a cosmological background, one can replace it by a given bouncing cosmology and try to provide a consistent solution to the matching conditions with the static exterior geometry. There are however a vast number of proposals for both classical and quantum bouncing cosmological scenarios, see Refs. [61] [62] [63] for reviews. Therefore, the details of the model will obviously depend on the choice of the bouncing cosmology one started with. In particular, while classical bounces can be realized even if the curvature remain low, quantum bounces are expected to occur only in very high curvature regime. From this perspective, it appears useful to develop a modelindependent approach, remaining agnostic on the precise regularization of the singularity at play. As we shall see, important conclusions regarding the energy scale of the bounce and on the allowed range of the parameters can already be extracted using such a strategy.
In the present work, we revisit the construction of UV-complete gravitational collapse and provide a generalization of the OS model which avoids several limitations affecting previous studies. Following a thin-shell approach, we will glue a static Schwarzschild exterior geometry together with a model-independent bouncing spatially closed FL universe, filled up with homogeneous dust. The time-like thin shell in-between shall be assumed to carry a homogeneous energy and pressure, which encodes part of the effects induced by the corrections beyond GR. We shall also assume that the gluing satisfies the standard Israel-Darmois junction conditions of GR [70] . While this assumption can be questioned, it is the simplest the computation of the transition amplitude is performed within the context of the spinfoam formalism of Loop Quantum Gravity (LQG). Yet, more work is needed to obtain a robust result, as important assumptions are used to set up this concrete non-perturbative calculation. More recently, an alternative approach, based on the framework of Quantum Reduced Loop Gravity, was discussed in Refs. [49, 50] .
2 See Ref. [58] for a review on the information loss paradox. It is worth pointing here that large scale quantum gravity effects at the horizon are one possible way out of the information loss paradox. This has led to several proposals, such as the firewall or the fuzzball models. See Ref. [59] for a brief overview on this point and Ref. [60] for a recent critical account on the firewall proposal.
3 Alternative polymer constructions for black hole interior, taking into account issues related to the covariance of the loop regularization, have been proposed in Refs. [51, 52] . See also Refs. [53] [54] [55] for extended discussions regarding the problem of covariance in such polymer constructions.
choice to construct the model, and it is shared by models such as the black hole firework 4 [27] . Using this setting, the modifications to GR, being motivated classically or of quantum origin, are hidden in the interior bulk as well as in the thin shell dynamics. Solving for the energy and pressure profiles of the thin shell, we will obtain a general model-independent solution describing a UV-complete gravitational collapse. One major challenge of such a construction is to ensure that the conserved quantities associated with the exterior and interior geometries match properly. In the classical OS model, this is ensured by a mass relation. The extension proposed in this work provides two major outcomes:
• Our first result is the generalization of the OS mass relation, including the effect of the thin shell. This extended mass relation ensures that the mass of the exterior Schwarzschild geometry and the energy of the dust in the interior geometry are indeed constants of motion during the whole process, and it translates into a key constraint on the physical parameters of the model.
• The second major result of our model-independent construction is that this constraint sets a bound on the energy scale of the bounce. Surprisingly, it implies that if the interior dynamics admits a bounce, it can only occur below, or at most, at the energy scale corresponding to the threshold of horizon formation. Consequently, in our construction, the collapsing star bounces above, or at most at its Schwarzschild radius. This implies that there is no formation of a trapped region contrary to the classical OS scenario. At best, the bouncing star can only form an instantaneous trapping horizon which coincides with the bounce. This constraint is a direct consequence of i) the continuity of the induced metric across the surface of the star and ii) the use of a single horizon vacuum geometry to model the exterior spacetime. This result is completely independent from the choice of modified Friedmann dynamics for the interior geometry as well as the second junction condition involving the discontinuity of the extrinsic curvature. It is worth emphasizing that the condition of continuity of the induced metric is actually shared by all models of higher order gravity, and as such, our result turns out to extend much beyond the present construction.
To summarize, the effective theory constructed here provides a simple description of a bouncing compact object which satisfies the conservation of energy during the whole process. This bouncing compact object experiences oscillations between a maximal and a minimal radius, such that no trapped region is ever formed, leading to model-independent realization of an idealized pulsating singularity free compact object. Finally, this framework bridges between bouncing cosmology models and bouncing compact objects, and allows on to discuss both classical and quantum bounce scenarii. In a companion paper [78] , we shall present a concrete realization of this model by importing the quantum bounce scenario of spatially closed loop quantum cosmology. This will allow us to implement and test part of the ideas initially introduced in the Planck star model of Ref. [19] . The work is organized as follows. In Section 2 introduces the model, the effective description of the interior homogeneous region, and derives the effective Friedmann equations we shall work with as well as the energy content of this region. Then, we describe the exterior geometry and introduce the time-like thin shell and describe its energy content. Section 3 presents the model-independent solutions of the junction conditions. We present the first result, namely the generalized mass relation. Then we present the solutions for the energy and pressure profiles of the thin shell, as well as the expression of the lapse as seen by an observer on the surface of the star. It allows us to extract the key constraint which shall be analyzed later on. Finally, Section 4 studies the implications of this constraint and shows that it sets a bound on the energy scale of the bounce, leading to a marginal horizon-formation as a general conclusion. Section 5 is devoted to a discussion of our construction and the open directions it offers for the future.
2 Thin shell approach to effective stellar collapse
The modeling of stellar collapse follows the seminal work by Oppenheimer and Snyder [13] . It assumes that the star is described by an ideal ball of dust (i.e. a fluid with vanishing pressure; p = 0) of constant mass M , with a time-dependent density ρ, which undergoes a homologous collapse under its own gravity. The full spacetime is then constructed by gluing a time-dependent interior metric to a static exterior metric.
Consider the hypersurface Σ = R × S 2 that defines the outer surface of the star and let g ± µν be the interior/exterior metrics, with (µ, ν = 0, 1, 2, 3) and signature (−, +, +, +). The spacetime embedding of Σ is defined by x µ =x µ (σ a ) with σ a intrinsic coordinates. It defines for each of the two metrics an induced metric, γ ab = g µν e µ a e ν b with e µ a ≡ ∂x µ /∂σ a , from which one can define the first fundamental form γ µν ≡ γ ab e µ a e ν b . It acts as a projector tensor on Σ and can be expressed in terms of the unit (spacelike) normal vector to Σ as γ µν = g µν + n µ n ν such that n µ n µ = +1. One can then define the extrinsic curvature tensor
If n µ , initially defined only on Σ, is geodesically extended in the neighborhood of the hypersurface, then K µν = −∇ µ n ν .
The two metrics g ± αβ shall satisfy the Israel-Darmois junction conditions [70] on the time-like hypersurface Σ that defines the outer worldsheet of the star of radius, i.e.
[γ αβ ] = 0 (2.1)
2)
The bracket [X] defines the jump of the quantity X at the junction hypersurface, i.e. [X] = X + − X − . The first equation states that the induced metric is the same whether it is defined from the interior or exterior. σ αβ is the surface stress-energy tensor of matter fields localized on Σ.
We emphasize that using these classical junction conditions is a major assumption of our model. Indeed, when dealing with higher order gravity theories, the junctions conditions turn out to be more involved and for some modified gravity theories, they can prevent the discontinuity of the matter field at the junction hypersurface. This is typically what happens for scalar-tensor theories. However, we adopt the point of view that the set of conditions (2.1) and (2.2) is the minimal ansatz to build bouncing black hole models. Nevertheless, as mentioned earlier, the first junction condition denoting the continuity of the induced metric remains valid for all known metric theories of gravity.
Interior solution
The interior spacetime is assumed to have spatial sections that are homogeneous and isotropic with the topology of a 3-sphere. Therefore, its metric is of the Friedmann-Lemaître (FL) type
where R c is the constant curvature scale of the spatial sections. χ is the radial distance from the center, in units of R c , and a the scale factor describing the homogeneous evolution of the star. τ is the proper time of free-falling observers located at the surface of the sphere defined by
By construction, the unit normal vector is radial, n µ dx µ = a(τ )dχ. These observers have a 4-velocity u µ such that u µ n µ = 0 given by u µ = (1, 0, 0, 0) so that u µ dx µ = dτ as long as they are comoving. This unit vector remains time-like during the whole evolution, so that u α u α = −1. The physical outer radius of the star evolves as
The matter inside the star is described by a pressureless fluid with uniform energy density ρ(τ ) so that its stress-energy tensor is
and we shall set a 0 = 1 without loss of generality. E is thus a constant of integration. The dynamics of the spacetime is derived from the Friedmann equations. In this work, we would like to consider modified Friedman dynamics of a general form. In full generality, we assume they take the form
where Ψ 1,2 (a) are dimensionless functions denoting deviations from GR. H is defined as usual as
(2.10)
When Ψ 1 = Ψ 2 = 0, one recovers the standard Friedmann equations for a closed FL universe. Importantly, note that we require that the classical continuity equation remains satisfied. We stress that by keeping Ψ 1,2 (a) unspecified at first, we aim to build a general model, such that the model can describe both classical as well as quantum bounces scenarii. The general effective construction can then be applied to any bouncing interior models which can be written in the form of Eqs. (2.7-2.8). Notice that this is typically the case of the effective dynamics obtained in LQC [79] [80] [81] [82] .
Let us now define the initial conditions for the evolution of our system by considering that the star is at equilibrium at τ = τ 0 = 0 so that
It follows that the maximum radius of the star and the minimum energy density are given by
(2.12)
This allows us to re-write the Friedmann equations in the more compact form
Notice that in order for Eq. (2.6) to be consistent with the modified Friedmann equations (2.7-2.8), the two quantum corrections Ψ 1 and Ψ 2 have to be related through
The induced metric γ − αβ and extrinsic curvature K − αβ , as seen from the interior region, are then explicitly given by
Exterior solution
We assume that the exterior metric is well modeled by a classical vacuum spherically symmetric geometry. Thanks to the Birkhoff's theorem, this region is therefore described by the standard vacuum Schwarzschild solution,
where R s is the Schwarzschild radius
The fact that this geometry possesses only one horizon will have important consequences in the following. Let us furthermore introduce the useful notation
The induced metric of the hypersurface Σ : r = r * (t) describing the surface of the star is given in Schwarzschild coordinates by
where the new metric function A[r * (t)] of the induced metric is related to the metric function f (r) at r = r * (t) by demanding that the 4-velocity of the observer co-moving with the sphere of symmetry S 2 remains a unit time-like vector, i.e u α u α = −1. This leads to
.
(2.23)
The extrinsic curvature of Σ induced by the exterior Schwarzschild geometry reads in term of the (FL) coordinates system (τ, θ, φ)
(2.24)
Introducing a surrounding thin shell
In full generality, the matching hypersurface can enjoy a non vanishing surface stress-energy tensor, that could arise from the tension of Σ. As we will recall below, it vanishes in the original OS model [13] . We assume that the thin shell is described by a perfect fluid with surface energy density σ and pressure p so that the surface stress tensor σ αβ reads
that is σ α β = diag( σ, Π, Π). In this work, the thin shell is time-like (as it should be for any type of physical matter), which implies = −1.
Junction conditions and generalized mass relation
We can now write down the junction conditions (2.1-2.2) using Eq. (2.16) and Eqs. (2.22-2.24). The continuity of the induced metric (2.1) implies that
which give the evolution of the surface of the star in the Schwarzschild region and the relation between the times of comoving observers in the two regions. Furthermore, they imply that the evolution of the radius of the outer surface of the star is given bẏ
Finally, the jump in the extrinsic curvature, encoded in Eq. (2.2) gives the expressions of the surface stress-energy tensor.
8πG
The goal now is to solve for the profile of the energy σ and the pressure Π using the effective Friedmann equations and the two constants of motion associated to the exterior and interior geometries. We will see that non-trivial consistency conditions restrict the range of the free parameters of the model in order to have physically acceptable profiles for (σ, Π).
Generalized mass relation
Consider first the equation (3.4) . It can be easily recast as
where we have used Eq. 
once we introduce the dimensionless quantity Σ = 8πGR c σ. At this point, few remarks are in order. The first term of the r.h.s. is a conserved quantity associated with the perfect fluid related to the constant E defined in Eq. (2.6)
In the limit Ψ 1 = 0 (pure GR) and Σ = 0 (no shell), the above relation reduces to the standard OS mass relation,
However, when a thin shell is present, the general relation is given by Eq. (3.7) . This leads to a second order polynomial equation, that determines the associated profile for the surface energy density of the thin shell.
The thin shell energy profile
We turn now to solving for the energy profile for Σ from the equation This provides a constraint on the range of the parameters of our model. When this condition is satisfied, the junction conditions admit real solutions for the energy of the thin shell, given by
It will be convenient to single out the standard GR part thanks to the splitting
Let us now discuss some useful limits. In the infrared limit, namely a → 1, the energy of the thin shell has the non-vanishing value such that the effective quantum correction Ψ 1 does not affect the classical regime, whatever the form of the UV completion, thanks to the term (1 − a). Let us further assume that in the pre-collapse configuration, the thin shell does not violate the weak energy condition, namely that Σ ± (τ = 0, χ 0 , χ s ) 0. This is true if we restrict the parameters of the model (χ 0 , χ s ) to satisfy sin χ s sin 3 χ 0 , (3.15) the equality corresponding to the OS configuration when Ψ 1 = 0.
The lapse at the surface of the star
The lapse function shall play a crucial role when discussing the energy scale of the bounce in the next section. Using its expression (2.23), and invoking expression (3.3), one obtains
(3.16)
Moreover, the lapse can be also related to the determinant (3.11) of the mass relation as follows. Combining the first junction condition (3.4) and the expression for the energy of the thin shell (3.12), one obtains that
17)
We shall see in Section 4 that the expression for the lapse will allow us to extract very generic constraints on the allowed energy scale of the bounce.
The thin shell pressure profile
The pressure profile can then be determined from the junction condition (3.5). Since
the pressure profile takes the form
where the function A is given by Eq. (3.17) . This concludes the construction of the effective theory of our stellar collapse model beyond GR. Eqs. (3.12) and (3.19) , therefore, provide the profiles of the surface pressure and surface energy of the thin shell in the general case where the interior of the star has an effective modified dynamics modeled by Eqs. (2.7) and (2.8) . Notice that the mass of the star, given by Eq. (3.7) remains conserved during the whole evolution.
UV-completeness and constraints on the energy scale of the bounce
So far, we have obtained a general solution of the thin shell satisfying the junction conditions (2.1-2.2) that allows for the construction of a spacetime in which the interior solution enjoys a modification of GR while the exterior is still described by a vacuum Schwarzschild spacetime. This solution is characterized by the generalized mass relation (3.7) and the associated profiles for the energy and pressure of the thin shell given by Eqs. (3.12) and (3.19) .
Let us now discuss the generic constraint imposed by the consistency of such a gluing on the energy scale of the bounce. The crucial equation is the expression of the lapse function at the surface of the star, which we reproduce here for the ease of the reader:
is the usual Schwarzschild factor (2.19) . First, note that the induced metric on the thin shell is continuous, thanks to the first of the Israel-Darmois junction conditions (2.1) and, more importantly, that this is completely independent of the physical properties of the thin shell. This is an extremely general condition, which actually goes beyond GR. One might correctly point out that the Israel-Darmois junction conditions for thin shell dynamics crucially depend on Einstein's equations and thus our formalism borrows this from GR. Nevertheless, let us emphasize that changes to the junction conditions from modified gravity theories beyond GR is expected to show up in the equation for the extrinsic curvature. The derivation of Eq. (4.1) above only requires the continuity of the induced metric which is expected to be satisfied in all known higher order modified gravity theories such as f (R) or scalar-tensor theories. Physically, it seems rather reasonable to assume that the induced metric should not depend on which side of the thin shell one derives it from unless there are some violent, and perhaps undesirable, departures from covariance.
Having assumed the continuity of the induced metric, we then only have to use the definition (2.23) of the lapse function to get Eq. (4.1). Since we are considering models which exhibit a bounce, thereby avoiding the classical singularity, the effective Friedmann equation must satisfy H(τ b ) = 0, at the time of the bounce τ b , where H is the usual Hubble parameter. Thus, provided a bounce occurs, the lapse function at the bounce reads
which remains well-defined provided the radius of the star at the bounce satisfies r * (τ b ) R s . Since this is our main observation, let us summarize that as
Consequently, the existence of a bounce implies that the contracting star can at most reach its Schwarzschild radius. The bounce must occur above or at the threshold of horizon formation, setting an upper bound for the energy scale of the bounce mechanism. Notice that the use of the Schwarzschild geometry plays also a crucial role in this result, in that it exhibits one single horizon. It is worth keeping in mind that with another exterior geometry, with possibly multiple horizons, this inequality might lead to a different outcome, as it would involve also an additional inner horizon structure. This generalization shall be studied in upcoming work [85] . Now, in order to show that the above inequality is not a gauge artifact of working with a singular coordinates choice for the Schwarzschild metric, we present an alternative computation of our key relation (4.1) in the Eddington-Finkelstein coordinates. This would also allow the reader to see the simplicity of our argument. In these coordinates, the metric is explicitly non-singular at the Schwarzschild radius and therefore r = 2M does not present itself as a special point. For concreteness, we work with the ingoing Eddington-Finkelstein gauge, in which the metric takes the form
With this form of the external metric, the induced metric on the hypersurface Σ :
The lapse function N relates the 'time' coordinate of the ingoing Eddington-Finkelstein metric v to the proper time of the interior FL metric τ . Expressing the lapse function in terms of the metric coefficient f (r), one gets
where the dot now refers to a derivative with respect to v. By demanding the continuity of the induced metric on Σ at the point r = r * , the Israel-Darmois junction condition (2.1) for the induced metric takes the form
This is easy to derive by comparing the two expressions (4.5) and (2.16) . Hence, the evolution of the surface of the star is given bẏ For a bouncing model, once again, we require that H(τ b ) = 0, which leads to the same conclusion, i.e. that the bounce must occur outside, or at best at, the Schwarzschild radius. The important point is that this conclusion holds even when we do not have an apparent (coordinate) singularity in our choice of the eternal metric. Rather, the important condition is that a smooth matching of the induced metric is performed on a time-like surface. Let us repeat the crucial point. We never needed to use the second junction condition, involving the extrinsic curvature and the physical properties of thin-shell, to reach this conclusion. Indeed, this latter junction condition (2.2) fully determines the stress-energy tensor of the thin shell and depends on the details of the quantum, or effective, gravity theory. This can also be rephrased by saying that albeit we require that the effective Friedmann equation allows for a bouncing solution (i.e. H = 0 et some time) we do not need any further details on the exact form of the Friedmann equations for our argument. Such an exact form would, of course, depend on the generalization to GR provided by the effective UV-theory, but our conclusions remain completely independent of it. In the end, the bouncing compact object described in the present model is constrained by the following conditions
where a min is the minimal allowed value of the scale factor, corresponding to the bouncing point. The first condition is rather intriguing as for macroscopic objects, it implies that the modifications to GR can be dominant even in regime of low curvature. The possibility of such a counter-intuitive behavior in the present model can be explained as follows.
Let us first point out that this construction being model-independent, we do not make the difference between classical versus quantum bounces. However, these two types of bounces are quite different in their physical origin. Indeed, it is worth pointing that for classical bounces, such as the ones obtained in modified gravity theories, it can occur at low curvatures (see for example Refs [72] [73] [74] [75] [76] [77] ). On the contrary, it is expected that quantum bounces, which originate from quantum gravity proposals, will occur only in the very high curvature regime. Consequently, for the classical bounce scenario, the constraint (4.11) can be easily realized, but for quantum bounce, demanding additionally that a min coincides with high curvature regime severely restricts the domain of application of the present construction. As an example of this, we construct, in a companion paper [78] , a concrete realization of such bouncing objects where the bounce is assumed to be of quantum origin due to LQC effects. Demanding that the UV cut-off of the effective dynamics be of order of the Planck length, it is shown that the consistency of the model excludes macroscopic stellar objects but allows one to model only Planckian relics. For such small size objects, the Schwarzschild radius is pushed to very small value, and the curvature at horizon scale can be huge 5 . This reconciles our no-go result with the intuitive expectation that quantum bounces should occur only in a high curvature regime. However, the bigger point which our result implies is that one would have to contend with the "leaking out" of quantum effects from the interior -and that the underlying quantum theory playing a big role at (or, outside) the horizon -unless one is willing to add extra structure to the quantum vacuum black hole geometry such as an inner horizon. Indeed, with hindsight, we expect that quantum effects within the horizon should lead to such additional structures for consistent black-to-white hole bounces.
This gives us the proper segue to remind the readers about our assumptions of i) spherical symmetry and ii) a vacuum exterior geometry for the star. Then, if classicality is assumed for the exterior geometry, Birkhoff's theorem implies that the geometry out of the Planck star is static and described by the Schwarzschild solution with the exterior geometry exhibiting only a single horizon. If one relaxes the assumption of a classical vacuum geometry to model the exterior of the star, and indeed one should expect so near the surface, one could use some ad hoc regular black hole metric (or, preferably, one derived form some quantum gravity theory) with possibly multiple horizons. In that case, the key inequality would involve the horizon structure of the exterior geometry, and the presence of possible inner horizon would allow the formation of a trapped region. This can potentially lead to consistent models of black-towhite hole bounce, with the bounce occurring far within the (outer) horizon, and, therefore at high curvatures. The natural next step of this work is therefore to extend this model to a quantum vacuum geometry for the exterior of the star and check precisely how the current scenario is modified.
To reiterate our main lesson regarding the construction of quantum black-to-white hole bounces, we find that either one accepts that bounces happen at low curvatures, which goes against all standard intuitions, or accepts that vacuum LQG models such as [42] [43] [44] [45] [46] [47] are currently missing a crucial ingredient which might be the formation of an inner horizon during the collapse, or similar additional structures. Only then one could consistently keep quantum gravity effects confined to the deep interior, in a high curvature regime, while working with such a dynamical model of matter collapse (as opposed to that of an eternal balck hole).
Discussion
This article provides a UV completion of the seminal OS collapse which allows one to discuss generic features of an effective bouncing compact object. Our model-independent approach relies on the thin shell formalism to glue a quantum bouncing Friedmann-Lemaître closed universe to an exterior vacuum Schwarzschild geometry. The mechanism responsible of the UV completion is encoded in the corrections to the Friedmann equations, i.e. Ψ 1 , which are kept unspecified. The gluing is assumed to be captured by the classical Israel-Darmois junction conditions of GR, which constitutes a major simplifying assumption. The first result presented in Section 3 is an explicit model-independent solution of the junction conditions, which describes a bouncing star. The corrections turn out to affect both the interior geometry as well as the dynamics of the thin shell. Let us emphasize the key points of this construction.
Consistency of the solution is encoded in the mass relation (3.7), which generalizes the standard classical OS mass relation (3.9) . This extension allows one to properly match the conserved quantities associated to the exterior and interior regions, namely the ADM mass of the Schwarzschild geometry and the energy of the dust filling up the interior of the star. Upon solving this key constraint, one obtains the general solution for the energy and pressure of the thin shell. During the whole evolution, these surface quantities adapt such that the mass relation is always satisfied. One major advantage of this model is therefore to include in a consistent way the role of the matter as driving the collapse, a step which has been largely left unexplored in most of bouncing black hole models focusing on vacuum interior geometries [42] [43] [44] [45] . Moreover, compared to the black-hole firework model [27] , where matter is encoded in null shells, our model provides an alternative way to include the matter sector through a collapsing dust field. This is a crucial difference as it allows the model to work with a time-like junction hypersurface, which in turn is one of the key assumption to derived the no-go result regarding the formation of a trapped region. Finally, the main advantage of our model is to provide model-independent conclusions regarding the UV-completion of the OS collapse.
Indeed, as we have explained in details in Section 4, a major outcome of this construction is that the bouncing compact object never forms a trapped region and bounces below, or at most at, the energy scale corresponding to the threshold of horizon formation. Consequently, there can be no black hole formation as opposed to the classical Oppenheimer-Snyder model, as only an instantaneous (w.r.t. the thin shell frame) event horizon can form at the bounce. This surprising result descends solely from i) the demanding continuity of the induced metric and ii) a (classical) vacuum Schwarzschild geometry outside the star. In particular, the second junction condition involving the extrinsic curvature, and which is the only one typically modified in higher order gravity theories, plays no role what so ever in deriving this result. A crucial ingredient in deriving this result is that the gluing is performed across a time-like thin shell. This directly leads to the expression (4.1) for the lapse at the surface of the star. Note that this expression, and the resulting constraint, are both absent if one uses instead a null-shell to glue the exterior and interior geometries, as it is done for example in Ref [27] . This explains the crucial difference between the present model and previous constructions based on a collapsing null-shell.
Moreover, the present construction provides an example where the scale at which quantum gravity effects become dominant is not fixed a priori, but is imposed by the internal consistency of the construction. On first glance, our results do suggest that the bounce must take place outside (or, at best, at) horizon scales. Although this can be achieved for models based on classical bounces, this seems to be rather restrictive for regular black-to-white hole models originating from quantum gravity approaches since one does not expect to have huge quantum effects at such low curvatures. However, see Refs. [83, 84] for some generic arguments in this direction. Moreover, from typical quantum gravity arguments, it has been proposed in Refs. [28, 29] that if one adopts a smoothing procedure to halt classical gravitational collapse due to the appearance of some minimum radius, a shock wave is generated which propagates outwards. Nevertheless, it was already noticed in Ref. [86] that the radial extent of this curvature wave would be felt even outside the event horizon although its origin lies deep inside. Similar conclusions have also been shown to hold for the "firework" model discussed in Ref. [27] and its variations in Ref. [30] , in that the effects of a black-to-white-hole transition would be felt outside the horizon [86] . Provided one works with the same simplifying assumptions regarding the exterior geometry, the present model-independent construction points in the same direction, showing that quantum gravity effects can kick in already above or at horizon scale, going against all intuitions.
Nevertheless, as has been pointed out, this is not the interpretation we wish to forward from our findings. Indeed, we do not suggest that quantum effects necessarily extend outside the horizon (at very low curvatures), but rather use our consistency conditions to point towards the inadequacy of current quantum models of vacuum Schwarzschild spacetimes [42] [43] [44] [45] [46] [47] . The physical requirement coming from the OS collapse of matching the induced metric across the (time-like) surface of the star seems to point towards additional structures in the quantum black hole interiors, such as an inner horizon. In other words, effective black-towhite hole models, which are based on quantum bounces and not on classical ones coming from modified gravity, need to satisfy an extra physical requirement when considering matter collapses (as opposed to eternal black holes) which comes in the form of requiring an inner horizon. The appearance of such structures would ensure that consistent quantum bounces can still be confined to the deep interior while satisfying the consistency conditions unveiled in our work. In developing such a refined model which would keep the quantum effects confined weel within the outer horizon, we shall also relax our assumption of classical Schwarzschild geometry near the exterior of the surface of the star. On the other hand, if we want to insist on a classical Schwarzschild spacetime outside the star, with only one horizon, then this model tells us that consistent bounces of quantum origin can only happen for Planckian relics, see the companion paper [78] .
Finally, let us point out that a necessary requirement for our formalism to go through is, obviously, that the 'effective' approach is valid in the sense of the semiclassical approximation. Typically, for effective models, it is implied that one can work with the expectation values of quantum operators taken about some well-defined semiclassical states, while ignoring fluctuations and other higher moments. Indeed, it has been shown that the effective equations can be trusted in the context of cosmology [87] , and more generally for quantum field theories [88] , in the semiclassical approximation. As long as the mass of the collapsing objects is much larger than the Planck mass, we would expect similar effective equations to be valid for black-to-white hole bouncing scenarios as well. (In particular, notice that order of magnitude for the mass of the Planckian relics considered in [78] would still be much bigger than the Plank mass so that these effective equations remain valid for them). Once again, for any consistent theory, we expect quantum effects to be confined in the deep interior such that, as long as we far away from Planckian length scales, we can expect our degrees of freedom to be well-described by these effective equations. This is another way of arguing that contrary to appearances, our results do not really imply having large quantum effects outside the horizon but rather strongly hint at the existence of quantum black hole models which would allow for an inner horizon so that these quantum effects can be kept confined to the high curvature regimes. In short, it is not the failure of the effective equations which can circumvent our no-go results but rather the existence of additional structure in the quantum black hole constructions which must do so.
